The present study investigated the corrosion behavior of carbon steel samples using two electrochemical cell types that operate with distinctly different fluid flow patterns. For this purpose, an annular flow cell and a rotating disc electrode were used to investigate the influence of the immersion time on the corrosion kinetics of carbon steel in an aerated 0.5 M LiBr solution. The electrochemical results show good data reproducibility for both experimental cells. In both of these cells, the corrosion rate increases to a maximum value, and it gradually decreases with the immersion time. This shift in the corrosion rate is associated with a series of competing reaction mechanisms, which include a significant oxygen concentration reduction at the metal-solution interface, changes in the corrosion regime and oxide phase transformations. These competing reactions were described in terms of electrochemical kinetic parameters for partial reactions and equivalent circuits determined from polarization curves and electrochemical impedance spectroscopy measurements. The kinetic analysis shows that the oxygen reduction reaction is highly affected by the immersion time in solution, where non-realistic kinetic parameter values are found for long immersion times. Furthermore, the corrosion morphology found on the tested samples confirms the aggressive behavior of bromide ions, which promotes a pitting corrosion with a lateral spread of corrosion products.
INTRODUCTION
In recent years, numerous studies have focused on the design and optimization of new electrochemical cells for the study of electrochemical phenomena. This research interest has promoted the development of new systems focused on the analysis, control, and prevention of the degradation of materials caused by corrosion. However, the degradation of the properties of construction materials remains a crucial issue, and extensive research has been performed on this topic. Corrosion in highly aggressive electrolyte solutions in different experimental conditions is of special interest [1] [2] [3] [4] . These conditions include different hydrodynamic patterns affecting mass transfer, the corrosion rate and/or passive film formation of various steel types [5, 6] . In this sense, an important consideration in the development of these new systems is the relationship between the geometrical arrangement of the electrochemical cell and the hydrodynamic conditions of the electrolyte, which allow reliable and reproducible experimental results to be obtained [7, 8] .
Carbon steel is the most widely used steel material in engineering applications due its low cost and mechanical properties. Different works have examined the influence of the hydrodynamic behavior on the kinetics of carbon steel corrosion in different environments, including studies in either the presence or absence of a passive layer [5, 9, 10] . In our previous study [8] , we presented a novel 3-electrode electrochemical flow cell containing a cylindrical band used as a working electrode (WE). This WE was inserted concentrically in the flow cell to form an annular space for the fluid flow such that its electrochemical behavior could be studied under different parametric conditions, such as solution flow rates. In addition to the hydrodynamic variables, the concentration of corrosive species and the immersion time are crucial factors for the evaluation of the corrosion reaction mechanism. Typically, the corrosion mechanism is characterized by a multi-stage oxide formation giving rise to many different situations with respect to the oxide layer composition and structure, as well as time evolution kinetics, and the mechanical degradation of the steel. Under certain conditions, the oxide layer structure provides corrosion resistance by inhibiting the mass and/or charge transfer through the oxide surface, where phase composition, morphology and the chemical composition of oxide films are also affected by the dissolved oxygen concentration in the electrolyte [11] [12] [13] . In aerated solutions, lepidocrocite (γ-FeOOH), maghemite (γ-Fe 2 O 3 ) and hematite (α-Fe 2 O 3 ) are principally formed; however, in the absence of oxygen, the dissolution of iron to a magnetite oxide phase (Fe 3 O 4 ) is predominant [14] [15] [16] [17] [18] [19] . During the corrosion process in aerated solutions, the main electrochemical counterpart reaction to iron oxidation is the oxygen reduction reaction (ORR), which can be accompanied by the hydrogen evolution reaction (HER) from the reduction of water molecules in near neutral or alkaline solutions and at more negative potentials [8, 20, 21] . In particular, if the corrosion of carbon steel is cathodically controlled, then according to the mixed potential theory the ORR plays an important role in determining the corrosion rate [22] [23] [24] . As usually described in the literature, the ORR regime can be differentiated into a) a pure mass-transfer limited control, in which the corrosion rate is equivalent to the maximum current density known as the diffusion limiting current density, b) a pure charge transfer, i.e., kinetic control, in which the oxygen concentration in the bulk solution and metal surface are similar with a relatively low corrosion rate, and c) a mixed mass-charge transfer control, in which the corrosion rate is an intermediate value between situations a) and b) [8, 9, 25] . The ORR regime not only determines the corrosion rates but also the corrosion product stability and thus the secondary effects.
Due to its favorable thermophysical properties, lithium bromide has been widely used in absorption systems that are primarily composed of absorber, evaporator, generator and condenser stages. Careful attention should be taken for aqueous lithium bromide solutions, as they are corrosive, especially if air is introduced into the solution; therefore, the various metallic parts that are in direct contact with these solutions, such as pipes, valves, fittings, pumps, and heat exchangers, will be severely affected by corrosion if no corrosion-preventive measures are considered. The performance of the absorption systems strongly depends on the thermodynamic properties of the working fluid, whereas the efficient operation and useful life depend principally on the corrosion rate. A particular aspect is the steel susceptibility to pitting corrosion caused by halide ions, which is reported in several studies [3, 4, 21] . The hydrodynamic influence on the corrosion rate, being an important operating factor in absorption systems, has received very little attention principally because of the complexity of the corrosion dependence on flow velocity and halide concentration.
In this work, the corrosion behavior of carbon steel AISI 1020 immersed in an aerated lithium bromide solution is studied at different immersion times by electrochemical methods and oxide characterization. We believe that experimental evidence of the corrosion behavior under different geometrical arrangements of electrochemical cells and electrode configurations is still limited. For this reason, in this study, two electrochemical cells with different geometrical configurations, a batch cell and a flow cell, were used. This study analyzes the influence of the fluid flow patterns on the corrosion rate of carbon steel and the kinetic regimes of the electrochemical partial reactions of hydrogen evolution, oxygen reduction and iron oxidation using the superposition model applied for experimental electrochemical data in relation to the iron oxide growth during the corrosion process, as well as the analysis of the influence of bromide ions on the metallic degradation type.
EXPERIMENTAL

Annular flow cell
Experimental measurements were performed using an annular flow cell (AFC) similar to that used in a previous work [8] . The hydrodynamic circuit consists of a centrifugal pump, a storage solution vessel, a flow cell and a flow-meter. The electrochemical system was a three-electrode cell with a working electrode made from carbon steel AISI 1020 bars, a counter electrode made from a pipe of stainless steel type 316L (internal diameter 10 mm) [8, 26] , and a Ag/AgCl (KCl sat.) reference electrode. The working electrode was a cylindrical shaft containing a cylindrical band of carbon steel (diameter 5.5 mm and active area 86.39 mm 2 ) attached at both ends to PVC adapters of the same diameter. The composite cylindrical shaft is situated concentrically in the flow cell, thereby forming an annular space through which the electrolyte solution circulates at a predetermined flow rate. In this cell configuration, the inner and outer walls of the annular cavity are the working and the counter electrode, respectively. These sections are intended for an entry zone 80 mm from the fluid inlet to approach a fully developed flow through the annular section. The storage solution vessel design allows a continuous gas to bubble through the electrolyte solution, leaving a bubble-free flow of solution.
Rotating disk electrode
A conventional three-electrode glass cell with a rotating disk electrode (RDE) system was used for the electrochemical measurements. The working electrodes were made from small cylindrical carbon steel AISI 1020 bars (6 mm diameter and 10 mm length) that were inserted into a plastic rod (12 mm in diameter and 20 mm in length) and sealed by applying a resin adhesive, so that only the bottom planar surface (area 28.27 mm 2 ) was exposed to the test solution. A coil platinum wire and a Ag/AgCl (KCl sat.) electrode were used as the counter and reference electrodes, respectively. A schematic representation of the electrochemical cells is shown in Fig. 1 . 
Working electrodes and test solution
The test material used in all experiments was commercial carbon steel type AISI 1020, with a chemical composition (wt. %) of 0.2 C, 0.6 Mn, 98.5 Fe and traces of S, Si, Cu, Ni, Cr, Sn, P and Mo. Before each run, the working area was successively polished with SiC paper of 600 to 1200 grit, cleaned by an ultrasonic bath in ethanol for 5 min, washed with distilled water and immediately inserted in the electrolyte solution. All measurements were performed at room temperature (22±0.5 °C) in an unbuffered 0.5 M LiBr solution with volumes of 250 and 300 mL for the RDE and AFC, respectively. Analytical grade reagents from MERCK (MERCK-Germany) and distilled water were used to prepare the solutions. Changes in the bulk pH were registered via a pH-meter model F-71 LAQUA (HORIBA-Instruments). Prior to each experiment, air was bubbled in the bulk solution for 30 min to maintain a dissolved oxygen concentration of 7.3±0.1 mg L -1 , which was monitored using a 
Electrochemical measurements
For the electrochemical measurements, a Biologic SP-150 potentiostat controlled by EC-Lab software was used as an electrochemical interface. All potentials reported in this work were adjusted to the standard hydrogen electrode (SHE). Measurements of the open circuit potential (OCP) were performed for 300 min starting immediately after the immersion of the working electrode in the test solution. Electrochemical measurements were performed using the linear sweep voltammetry (LSV) technique, which was scanned in the anodic direction at a low scan rate of 1 mV s -1 , to obtain a quasisteady state condition. Electrochemical impedance spectroscopy (EIS) measurements were conducted at the open circuit potential using an AC signal with 10 mV of amplitude over a frequency range of 100 kHz to 50 mHz.
Estimate of the kinetic and corrosion parameters from polarization data
To obtain a better understanding of the carbon steel corrosion behavior in LiBr aqueous solution, a kinetic analysis of the partial anodic and cathodic reactions are discussed in the context of the mixed potential theory. This theory assumes that the net current density is given by a linear superposition of the total current densities of each of the electrochemical partial reactions in the framework of the principle of electric charge conservation. Assuming that each partial reaction occurs on the same surface area, this principle can be expressed as [8, 9, [22] [23] [24] :
(1) Anodic region:
Cathodic region:
where i 0,j is the exchange current density, b j is the Tafel slope, η j =E-E eq,j is the overpotential, i l,j is the limiting current density, and E eq,j is the equilibrium potential, with subscript j designating iron oxidation, hydrogen evolution and the oxygen reduction reaction, respectively. Values taken for the calculation of equilibrium potentials were; 1×10 -6 M for the ferrous ion concentration, 7.3 mg L -1 for the dissolved oxygen concentration, a temperature of 22 °C, and an initial pH of 6.9. Equilibrium potentials of -616, 827 and -392 mV SHE for iron oxidation, oxygen reduction and the hydrogen evolution reaction, respectively, were determined. The proposed partial reactions are based on extensive previous investigations concluding that in alkaline and near-neutral aerated solutions, the main reaction that counterbalances the iron oxidation corresponds to the oxygen reduction reaction and to a minor extent to the hydrogen evolution reaction [9, 20, 21] . The electrochemical corrosion parameters included in Eqs. 3, 5 and 7 were obtained following a procedure described in our previous reports [8, 21] assuming a kinetic mechanism based on a pure charge transfer control for the HER and iron oxidation, and a mixed charge transfer-diffusion control for the ORR [9, 20] .
Corrosion potentials E corr and corrosion current density i corr values were obtained for a null net current density (i.e., i=0 A m -2 ) applied for the partial polarization curves: i corr =i Fe = |i O2 + i H2 | [23, 24] .
Surface analysis
The corrosion products deposited on the metallic surface after the experimental measurements were characterized at room temperature via Raman spectra using a Horiba Jobin LabRAM confocal Raman microscope with 50x magnification, and X-ray diffraction using a Shimadzu XRD-6100 diffractometer. The morphology of the corroded surface was examined using a scanning electron microscope (SEM) Zeiss EVO MA 10 and an optical microscope Olympus BX 41M. For this propose, the oxide layer deposited on the metallic surface was removed in an ultrasonic bath by immersion of the working electrodes in a 5% citric acid solution. In contrast, for the OCP measurement using the AFC with a constant inlet velocity, the initial OCP decrease is absent, and the maximum value presents a time shift of 60 s ahead of the maximum of that of the RDE with an asymptotic trend towards a steady value of -354 mV SHE after 233 min of immersion. During the first minutes of immersion, the fluctuations in the OCP are attributed to the aggressive attack of bromide ions, which can be explained in terms of competing metal dissolution reactions, and the subsequent pitting formation and growth, in addition to the surface precipitation of hydrous oxides [1] [2] [3] . As a result of this competition between reactions at the surface free of a protective layer, a non-steady state is attained for the OCP values in the first minutes of immersion, where three stages can be identified, pit nucleation, growth and re-passivation [13, 27, 28] . Fig. 3 shows signs of oxides covering the metal surface under RDE and AFC conditions after 300 min of exposure; it is presumed that at this stage pit nucleation can occur only under the influence of spreading oxides that emerge from growing pits. As the metallic corrosion progresses with immersion time, the subsequent OCP variations can be attributed to diffusion of bromide ions through the channels of the surface porous oxide layer, which is also accompanied by the forced convection condition represented by different flow streamline patterns, as shown in Fig. 1 . A visual appreciation of the effect of streamlines representing different hydrodynamic conditions between the AFC and RDE is confirmed by the axial and spiral patterns of the oxides, respectively (Fig. 3 ). These situations related to the hydrodynamic regime and the oxide layer coverage may explain the lower OCP values exhibited by the carbon steel in the AFC cell compared to that in the RDE cell, where a lower flow velocity of solution around the electrode causes a driving force for the ORR, promoting a lower dissolved oxygen concentration near to the diffusion boundary layer. Furthermore, the OCP values exhibited by carbon steel are significantly different in deaerated solutions compared with aerated solutions, indicating a HER favored reaction associated with the nucleation and pitting formation processes that occur on a bare metal surface [8, 29, 30] . This period in the deaerated solution is expressed by a shift to more negative values of the OCP during the first 25 min, where the HER occurs in conjunction with the nucleation and pitting formation, followed by a slight shift to more positive values of the OCP due to the iron oxide transformation at near neutral pH, to finally reach a steady state after 80 min of immersion due to a passive condition with the formation of magnetite from ferrous hydroxide according to the Schikorr reaction [31] .
RESULTS AND DISCUSSION
Open circuit potential measurements
Carbon steel corrosion (initially free of oxide) during the early time of immersion, where iron is oxidized to dissolved Fe +2 species, is followed by a fast hydrolysis and further formation of ferrous hydroxide Fe(OH) 2 [14, [31] [32] [33] . Depending on the electrolytic solution, the bulk pH and the rate of oxygen transfer to the metallic surface, this ferrous hydroxide is thermodynamically unstable and will be hydrated or oxidized to another oxide such as lepidocrocite (γ-FeOOH), magnetite (Fe 3 O 4 ) or hematite (Fe 2 O 3 ) [14, 31, 34, 35] . In addition, magnetite is very sensitive to oxidation and can be transformed to maghemite (γ-Fe 2 O 3 ) in the presence of oxygen [33] . Previous studies made by Stratmann and co-workers [36] indicate that the formation of magnetite starts at potentials between -0.3 and -0.4 V SHE at the near neutral pH of 6 with kinetics sensitive to an increase in Fe +2 ions. Then, the temporal evolution of OCP characterized by a continuous decrease would indicate the formation of different oxide phases deposited on the metallic surface. According to the temporal changes of the bulk pH shown in Fig. 4 and measured during the potentiodynamic measurements, the pH values were 7.1 and 6.8 for the AFC and RDE, respectively. According to these values, the formation of a lepidocrocite γ-FeOOH phase would be dominant during the first 60 min of immersion, followed by the formation of a new phase of magnetite F 3 O 4 at longer immersion times and potentials more negative than -300 mV SHE , which will be associated with a low dissolved oxygen concentration near the metallic surface and the further reaction of ferrous ions with a previously formed lepidocrocite phase [31, [35] [36] [37] . Fig. 3 shows macro photos of corroded carbon steel samples after completing the OCP measurements. A visual inspection of the corroded samples shows a compact deposit of corrosion products (iron oxides) on the metallic surface with a pattern distribution that depends on the flow streamlines, either in the direction of rotation or the axial direction for the RDE and AFC, respectively. The visual inspection also reveals that this oxide-film consists of a two-layer structure, an inner black solid phase and an outer orange phase. As previously mentioned, the oxide phases are primarily composed of magnetite and lepidocrocite in the inner and outer layers, respectively [18] . To confirm the structure of the oxide phases deposited by the corrosion process, the specimens were subjected to Raman spectroscopy and X-ray diffraction analysis and their spectra are shown in Fig. 5 . For the Raman spectroscopy analysis obtained near the orange and black oxide layers, characteristic peaks are observed at 1312, 380 and 251 cm -1 indicating the presence of a γ-lepidocrocite structure [15] [16] [17] .
Analysis of the corrosion products
Other intense peaks are observed at 422 and 670 cm -1 , which can be attributed to a magnetite structure [16, 17, 37] . An additional peak of lower intensity was observed at 500 cm -1 that indicates the presence of maghemite [16, 17, 31] . The X-ray diffraction analysis confirms that the deposited corrosion products are composed principally of a magnetite and γ-lepidocrocite oxides phase. Under these considerations, it is possible to assess that the inner oxide layer composed of magnetite may act as the protective layer that limits the diffusion of oxidative species up to the metallic surface, thus retarding the corrosion process. Yamashita [39] reported similar results for steel samples exposed for a long period under industrial atmospheres, with a rust layer composed of one or more alternating layers of goethite and lepidocrocite and patches of maghemite and/or magnetite. The experimental polarization curves of carbon steel in aerated 0.5 M LiBr solution were obtained at different immersion times using the AFC and RDE. The corrosion time evolution was examined over 5 hours through a series of polarization curves measured at intervals of one hour after an OCP condition on the same electrode. All experiments were repeated for both electrochemical cells to verify the reproducibility of the results, as shown in Fig. 6 . For the RDE it is interesting to note that during the first two hours of immersion the polarization curves present good data reproducibility followed by slight deviations at longer immersion times, where the inversion potential from the cathodic to the anodic branch is principally affected. In contrast to the RDE results, the variations in the data reproducibility for the AFC indicate a slight shift of the inversion potential during the first hours of immersion, which is minimized at longer immersion times. The polarization curves show typical shapes for carbon steel in aerated solutions [8, 9, 19] which theoretically are a result of a mixed contribution from the partial reactions of iron oxidation, dissolved oxygen reduction, and hydrogen evolution. The formation of a planar plateau at intermediate potentials followed by a rapid increase in the current density at high negative potentials corresponds to the ORR and HER, respectively. This last reaction was visually confirmed from the generation of microbubbles on the metallic surface during the potential sweep at negative potentials. The kinetic and corrosion parameters were obtained by non-linear regression of Eq. 1 in terms of the mixed potential theory and are presented in Table 1 .
The values are expressed as the average of two independent polarization curves. A common feature in all polarization curves in the cathodic branch is a progressive current density decrease with an intermediate planar plateau, which converges to zero net current density at the corrosion potential. The intermediate planar plateau indicates that the ORR is controlled by a diffusion regime expressed in terms of the limiting current density that persists up to the corrosion potential value. Additionally, the decrease in the cathodic current density near to the corrosion potential indicates that the ORR is controlled by a mixed diffusion and charge regime.
Despite these common features, each curve has a distinct particularity with the immersion time. For the AFC, the anodic branch shows a marked increase in current density values for up to 2 hours followed by a nearly unchanged condition. In contrast, the RDE anodic branch increased at a nearly constant rate throughout the 5 hours of measurements. Moreover, although a decreasing cathodic plateau is observed for both electrochemical cells, its extent persisted for a wider potential range for the RDE cell compared with the AFC cell. Consequently, the limiting cathodic slopes of each curve are more closely aligned in the AFC cell.
The corrosion of carbon steel in aqueous solutions is conducted by electrochemical processes consisting of a set of partial reactions, each with a complex combination of steps that can be simplified for a kinetic rate estimate assuming the existence of a single controlling step [9, 18, 31, 33] . The linear behavior of the anodic branch shown in the Tafel polarization curves (Fig. 6 ) and the presence of pits visually observed under the oxide layer (Fig. 11) indicate that iron oxidation gradually changes from uniform dissolution to a localized corrosion where the iron oxidation predominantly occurs inside the pits, while they are covered by a porous oxide layer that allows ion mobility. In general, it is accepted that metastable pits can be initiated at potentials below those required for stable pits where a deviation from the Tafel line is evidenced; such a deviation is only noticeable at the first polarization curve measured in the AFC cell. Thus, the oxidation rate should be a diffusion controlled process through the porous oxide layer covering the pits. Given that this oxide layer is not at equilibrium, the point defect model (PDM) cannot be invoked here to explain the charge mobility through this layer [40, 41] . In these terms, the Tafel slope could represent a charge transfer process occurring either within the porous oxide layer or on its external surface.
Furthermore, the b Fe values of the Tafel slopes, which were maintained from 100 to 180 mV dec -1 for both electrochemical cells, are similar to the data reported in the literature for carbon steel and iron exposed to high saline solutions [4, 8, 40, 41] . This suggests that in 5 hours under aerated conditions the Tafel slope for iron oxidation reflects a kinetic mechanism that is slightly affected by the immersion time and the type of the hydrodynamic regime. A supporting fact for the role of the oxide film in the iron oxidation mechanism is the significantly lower b Fe value of 60 mV dec -1 reported for iron in deaerated solutions, in comparison with those in aerated solutions [4, 34, 42, 43] . Other main factors affecting iron oxidation are the bulk pH of the solution and the presence of high salt concentrations in solution [4, 8, 42, 21] . As no appreciable changes were observed in bulk pH (Fig. 4) , the anodic Tafel slope variation can be explained in terms of the coverage surface due to the adsorption of bromide ions, oxygen molecules and/or complex species from the oxidation process. Notably, this range of b Fe values is larger than those values reported for NaCl solutions [21] , indicating a greater adsorption of bromide ions on the metallic surface caused by diffusional transport. The maximum intermediate b Fe and i corr values observed for the AFC and RDE cells at one hour of immersion could be a manifestation of competing processes of nucleation and pitting propagation, in addition to a passivation process and the formation of the iron oxide layer on the metallic surface, as shown in Fig.  3 .
To show how the immersion time affects the HER, the partial cathodic curves are analyzed in terms of the Tafel slope and the exchange current density values that are tabulated in Table 1 . From  Fig. 6 it is found that at -750 mV SHE the net current density decreases with the immersion time, which can be attributed at a first instance to decreasing HER kinetics. However, it must be noted that the kinetic parameters b H2 and i 0,H2 maintain fairly constant values with immersion time (Table 1) indicating a constant hydrogen evolution rate for both electrochemical cells. Thus, the observed decrease in the absolute current density with immersion time is only due to changes in |i l,O2 | as a result of an increasing oxygen mass transfer resistance from a growing oxide film thickness. Additionally, from the i 0,H2 and b H2 values, larger i H2 values for AFC in comparison with RDE are observed. This result is compatible with the temporal changes in the OCP, where a tendency to larger positive potentials was observed in the RDE, due to the fast formation of the corrosion products.
As previously mentioned, the kinetic behavior of the partial ORR represented as Eqs. 1 and 7 follows a mixed charge-transfer and diffusion control regime. Accordingly, the variations of the kinetic parameters are sensitive to synergistic changes between the oxygen concentration, the predominant hydrodynamic regime and the oxide film evolution over the metallic surface. Such considerations are compatible with changes in the kinetic parameters observed in Table 1 The -i 0,O2 parameter, which indicates how fast the redox (oxygen-reduction) reactions occur at equilibrium, exhibits a marked decrease with time, particularly for the AFC cell. The -i 0,O2 values under an initial oxide-free surface condition are similar for both electrochemical cells, and also agree with previous reports on carbon steel in diluted LiBr solutions [21] . for the AFC and RDE, respectively. This is visually appreciated in Fig. 6 as a polarization curve tendency with time toward a typical oxygen-free behavior, as shown in a previous study [8] .
The larger |i l,O2 | values observed for the RDE compared to the AFC seem to contradict the abovementioned implication of a larger amount of oxides in the AFC cell inferred from a larger -i 0,O2 drop for AFC. This could imply that iron oxide detachment is more intense for RDE due to a larger wall shear stress exerted on an RDE in comparison to an axial flow in an AFC. This statement can be supported through a hydrodynamic characterization based on a computational fluid dynamic (CFD) simulation for the AFC and RDE. Appendix A presents a hydrodynamic characterization of the RDE and AFC by solving the Navier-Stokes equations under a steady state and similar conditions to our previous work [42] . In Fig. 7 , the wall shear stress profiles for both electrochemical cell configurations and hydrodynamic conditions are shown. According to the numerical simulation, it is observed that for the RDE, a maximum wall shear stress of approximately 9.7 Pa is at 3 mm from the end of the specimen, and a value of 1.82 Pa is observed for the AFC over the length of the specimen. Thus, the results can be related to an oxide detachment from the metallic surface that becomes more intense for the RDE compared to the AFC.
In the following section, we will discuss the |i l,O2 | values at different immersion times. Table 1 shows that |i l,O2 | decreases with immersion time for the AFC and RDE cells, but is larger for the RDE case. The reason for this behavior can be explained in terms of the dependence of |i l,O2 | on the mass transfer from the hydrodynamic regime and the precipitation of corrosion products on the solid surface that restricts the dissolved oxygen diffusion through the concentration boundary layer. The influence of the hydrodynamic flow on the oxygen diffusion has been analyzed for different geometries, e.g., Levich´s [22] and Ghosh and Upadhyay's [44] equations for the RDE and AFC, respectively. In both equations, the limiting current density is directly proportional to the dissolved oxygen concentration and to w 0.5 for the RDE [22] and to Re 1/3 for the AFC [44] . Next, under fixed hydrodynamic conditions the decrease in |i l,O2 | with the immersion time is only due to the surface oxide layer growth, which restricts the oxygen mass transfer to the metal surface. Thus, the mass transfer resistance for the limiting current density |i l,O2 |, defined as a reciprocal value of the overall mass transfer coefficient, has two serial resistance terms. The first one, which is fixed, is due to the hydrodynamic boundary layer, and the second one is a variable resistance that increases with oxide layer growth. In this context, the larger experimental |i l,O2 | values (Table 1) for the RDE can be interpreted as a lower mass transfer resistance for the fixed term in comparison with the AFC cell due to differences in the hydrodynamic regimes.
Variational patterns for corrosion current densities and potentials
The influence of immersion time on the corrosion current density and corrosion potential is shown in Fig. 8 As expected, these results correspond with OCP measurements and with a previous work related to the hydrodynamic influence on the corrosion behavior of carbon steel in deaerated and aerated solutions [8] . In that work, it was found that in reference to a polarization curve measured in flowing aerated solutions, E corr was progressively shifted towards more negative values for stagnant aerated and flowing deaerated solutions, respectively.
Initially, the corrosion rate increased during the first hour of immersion, reaching maximum values of 5.16 and 2.8 A m -2 for the RDE and AFC, respectively, followed by a continuing asymptotic decrease at longer immersion times. To obtain a good understanding of the underlying corrosion regimen and the effect of oxygen mass transfer on the mixed-control kinetics of the ORR, the parameter K=1-|i corr /i l,O2 | was used as an index that expresses the degree of incidence of the diffusion regime at a corrosion condition. As shown in Table 1 , this parameter depends significantly on the immersion time, which is characterized by initial values close to 1 (a controlling condition of the pure charge-transfer regime for ORR), that decrease progressively at long exposure times, where a major incidence of the diffusion regime can be observed [8, 23] . The negative K values indicate large i H2 values that are naturally expected at more negative potentials. In this respect, it is interesting to note that negative values for K are only observed in AFC experiments where the E corr values are more negative than those of the RDE. A schematic representation of the partial polarization curves and the changes in the regime control during the corrosion process are depicted in Fig. 9 . In this figure, the intersection between the polarization curves for anodic iron oxidation and the total curve for the cathodic ORR and HER represents the corrosion current density. In addition, it is seen that for the measurements under an oxide-free surface, the corrosion control regime is equivalent to the ORR under a mixed charge-transfer and diffusion regime, in contrast to an oxide-covered surface situation where an oxygen diffusion regime is combined with HER kinetics [23] . This parameter K is in accord with kinetic parameters obtained for the ORR where a mixed charge-transfer and diffusion regime is observed for the first two immersion hours.
Electrochemical impedance spectroscopy
The corrosion behavior of carbon steel immersed in aerated 0.5 M LiBr solution was evaluated via EIS at different immersion times. Fig. 10 shows the Nyquist and Bode plots obtained for carbon steel samples using the RDE and AFC electrochemical cells. Although the measured impedances for both electrochemical cells have almost identical plot shapes, the EIS results for the AFC are slightly higher than those for the RDE. This result suggests a higher resistance to the corrosion process caused by the lower flow rate in the AFC compared with the RDE, which agrees with the corrosion rate values obtained from the polarization curves (Table 1 ). The results show an inductive loop at low frequencies principally observed during the first measurements (inset in Fig. 10A-1 and Fig. 10B-1) , which is related to the adsorption of bromide ions, hydroxyl ions, and intermediate species, such as (FeOH) ads , formed during the dissolution of iron molecules [45] . Furthermore, the capacitive loops observed during EIS analysis suggest two or three time constants related to the oxide film deposited on the metallic surface due to the corrosion process, and their changes can be attributed to the transformation of the different oxide phases in the solidliquid interface. In all cases, the Nyquist plot does not show perfect semicircles at low frequencies, suggesting dispersion by the non-ideality of the surface and by the homogeneity and the mass transfer resistance [10, 46] . Additionally, the influence of the immersion time on the size of the capacitive loops in the Bode plot clearly indicates slight variations at high frequencies, in contrast with the capacitive loop at low frequencies, which increases in diameter with corrosion time. Among the different tested configurations for the equivalent circuit with two or three time constants, the circuits shown in Fig. 10A-2 and Fig. 10B-2 were the models with the best fits to the experimental data. In these equivalent circuits, the electrical elements were a solution resistance R s , a time constant attributed to the double layer capacity and the charge transfer resistance at the oxide-surface interface (CPE dl //R ct ), and a time constant for describing the diffusion of ionic ions and oxygen molecules through the porous corrosion film (CPE pf //R pf ), such as that shown in Fig. 10A-2 . For the AFC, the equivalent circuit shown in Fig. 10 .B-2 includes a third time constant (CPE if //R if ) that is used to describe a second process due to the transformation of the solid phase at the inner wall of the surface [46] . The CPE element was used as an inhomogeneity factor caused by surface roughness/porosity and a possible diffusional factor instead of a pure capacitor that is given by [10] :
where Q is a CPE constant related to the electroactive species and surface, j is the imaginary unit, f is the frequency in Hz, and n is the CPE exponent, which varies between 0 and 1.
The experimental and fitted data are shown in Fig. 10 and the EIS parameter values for the equivalent circuit are tabulated in Table 2 . Table 2 . EIS parameters of carbon steel in aerated 0.5 M LiBr for the AFC and RDE 
Annular Flow Cell
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0.50
Although the low values of n are related to the inhomogeneity of the surface, in this case its variability with the immersion time could indicate an activity increase of anodic sites as a result of the growing pits process promoted by the diffusion of bromide ions to the metallic surface, thus creating a rough surface. In this respect, the n dl values reveal important differences between the electrochemical cells with average values of 0.95 and 0.83 for the AFC and RDE, respectively. These results indicate the presence of several pits sites when the RDE is used. Furthermore, the slight decrease in n pf and n if clearly show a contribution from the diffusion process of iron ions or oxygen molecules through the corrosion products film formed as a limiting stage [47] .
As mentioned previously, during the immersion of carbon steel in LiBr solution, a decrease in the oxygen mass transport from the bulk solution to the metallic solution occurs due to the build-up of corrosion products on the metal surface that in turn produces an increase in the mass transfer resistance. In this context, the corrosion behavior of iron can be observed by the variations in the phase angle at low frequencies, where the limiting oxygen mass transfer observed in the AFC is signified by a higher phase angle (approximately 70°) compared with the phase angle for the RDE (approximately 30°). These results are in accord with the variations in the limiting current densities of both cells, as depicted in Table 1 . This behavior, in conjunction with the continuous corrosion of carbon steel, promotes a high iron ion concentration close to the corrosion products/metallic surface interface, which is adsorbed on the early γ-FeOOH oxide phase. By increasing the immersion time, an important part of the oxide phase evolution is depicted by the formation of a new phase angle peak (at approximately 300 Hz), where the iron ions adsorbed on a lepidocrocite phase (γ-FeOOH) can be oxidized by the protons of water to form a magnetite phase (Fe 3 O 4 ), indicating a framework of multilayer evolution formation that occurs at pH > 7 [14, 48, 49] .
Considering the oxide film deposited on the metallic surface, it is found that the resistance of the outer porous layer R pf and inner oxide film R if were higher by two and three orders of magnitude, respectively, compared with the charge transfer resistance (R ct ), suggesting the influential role of a diffusion phenomenon on the corrosion process. In particular, for the RDE, the increase in the oxide film resistance with time is principally associated with an increase in n pf . This behavior explains the complex mechanism for the oxide phase transformation of Fe +2 to Fe +2 /Fe +3 oxides by the flow rate of oxygen, which agrees with the increase in the phase angle peak with the immersion time. This passive character of the oxide film caused by a competitive transformation of Fe(OH) 2 to Fe 3 O 4 or γ-FeOOH [14, 31] is shown by the poor definition of the phase angle peak at 300 Hz, which is due to different local oxygen concentrations close to the metallic surface and in the porous oxide layer. In this respect, a lower oxygen mass transfer and its contribution to the cathodic current density explains the differences between the Nyquist and Bode plots of the AFC and RDE cells. According to the values obtained by fitting the EIS curves, the capacitance of the double layer is higher in the AFC than in the RDE. This result can be further substantiated by the variations in i 0,H2 , which were much larger for the AFC than for the RDE. Additionally, the results show that the increase in the phase angle peak at 300 Hz could be related to an increase in the passive proprieties of the oxide film. However, a contrary trend in the phase angle peak close to 10 Hz is observed, where the phase angle peak decreased with the immersion time. This means a continuous degradation of the oxide film, principally due to the transformation of the initial γ-FeOOH oxide phase to a Fe 3 O 4 phase, which is primarily caused by a higher concentration of ferrous ions in relation to the dissolved oxygen concentration, and by the large contribution of the water reduction reaction to the global corrosion behavior. Figure 11 . SEM micrographs of carbon steel samples after five hours of immersion in LiBr solution.
Morphological inspection
Pit morphologies (A), influence of the flow direction on the corrosion products in the AFC (B), and pitting patterns in RDE (C) and AFC (D) Fig. 11 shows images of carbon steel surfaces after five hours of immersion in aerated 0.5 M LiBr solution under different hydrodynamic conditions at the OCP. The presence of pits of different sizes confirms that pitting corrosion is the dominant corrosion mechanism on carbon steel in lithium bromide solutions. From Fig. 11A it is evident that pit shapes present diffuse borders with a lateral spread at the pit mouth and a large propagation from the pit center where a significant depth is observed, suggesting the high activity of bromide ions. The variations in the pit shape indicate different distributions of the pitting current density, which also changes with the immersion time and fluid flow pattern. In addition, Fig. 11A shows small pitting sites with hemispherical shape that can be related to a uniform current density distribution during the initial stage of the pit. These hemispherical pits change during the metastable growth where a high propagation is observed in relation to the lateral spread, promoting a high current density at the pit bottom. In this sense, and to maintain the electroneutrality, the bromide ions tend to migrate into the pits in the anodic sites, leading to a high bromide concentration close to the mouths of the pits. Additionally, for the AFC and RDE pitting patterns, a comet-tail morphology is found in larger pits, suggesting a continuous growth with aggressive solution pouring out of the cavities due to the fluid flow patterns (Figs. 3 and 11B) . A comparative evaluation of the corroded samples for both electrochemical cell configurations observed in Figs. 11C and 11D shows that the superficial distribution of the pits was highly dependent on the fluid flow pattern. A visual inspection of the color variations shows that the metal degradation was higher by lateral spread than by pitting propagation for the AFC, whereas the pitting propagation was higher than the lateral spread for the RDE.
The pitting corrosion occurrence is consistent with the OCP, LVS and EIS measurements represented by a continuous shift of potentials toward more negative values with immersion time, and by higher values of the capacitance (CPE pf and CPE if ); indicating that bromide ions enhance the pit susceptibility of carbon steel with a pit morphology susceptible to the effect of local hydrodynamic conditions. In a previous study, we found a similar mode of pit propagation in LiBr that differs from that reported for chloride ions [21] . This high corrosion aggressiveness induced by bromide ions on iron oxidation is also confirmed from the i 0,Fe values obtained by Cáceres [9] for the corrosion of carbon steel in 0.5 M NaCl solutions, which were 10-fold lower than those obtained in this work.
CONCLUSIONS
In this study, we investigated the corrosion behavior of carbon steel in a neutral 0.5 M LiBr aqueous solution using two different electrochemical cells, a rotating disk electrode and an annular flow cell with a cylindrical band electrode. In summary, the influence of the immersion time for both electrochemical cell arrangements is demonstrated by an increase in the corrosion rate followed by a maximum local value and a subsequent asymptotic decrease. These changes are strongly related to the formation and growth of magnetite and α-lepidocrocite as the main oxide phases promoting a sufficiently low oxygen concentration close to the metallic surface. Depending on the hydrodynamic conditions, the results demonstrated no variations in the iron regime with the immersion time; however, the cathodic ORR changes from a mixed charge-diffusion regimen to a pure diffusional regime after two more hours of immersion. Due to the interrelation between the ORR and HER, the cathodic behavior at the corrosion potential becomes a combination of the oxygen reduction mass transfer and hydrogen evolution kinetics. This combination was more pronounced at long immersion times and low fluid flows. The influence of the hydrodynamic conditions and the immersion time on the corrosion rate was corroborated using EIS measurements interpreted in terms of a synergistic effect between the oxygen mass transfer and iron oxide layer formation and growth. In turn, based on the morphological analysis, the bromide ion influence was supported by results from previous publications, where the bromide ion enhanced the pitting susceptibility from a combined influence of pitting propagation, a lateral spread, the electrochemical cell arrangements and the local hydrodynamic conditions. ACKNOWLEDGMENTStreatment [42] . Furthermore, for the AFC cell no large variations in the wall shear stress were observed throughout the length of the inner surface, maintaining a constant value of approximately 2 Pa. This wall shear stress of the AFC is smaller than those of the RDE, which vary up to 10 Pa for a working electrode radius of 3 mm and up to 18 Pa for a plastic rod radius of 6 mm.
